The present study aimed to explore the neural correlates of two characteristic deficits in Autism Spectrum Disorders (ASDs): social impairment and restricted, repetitive behavior patterns. To this end, we used comparable experiences of social exclusion and rule violation to probe potentially atypical neural networks in ASD. In children and adolescents with and without ASD, we used the interactive ball-toss game (Cyberball) to elicit social exclusion and a comparable game (Cybershape) to elicit a non-exclusive rule violation. Using functional magnetic resonance imaging (fMRI), we identified group differences in brain responses to social exclusion and rule violation. Though both groups reported equal distress following exclusion, the right insula and ventral anterior cingulate cortex were hypoactive during exclusion in children with ASD. In rule violation, right insula and dorsal prefrontal cortex were hyperactive in ASD. Right insula showed a dissociation in activation; it was hypoactive to social exclusion and hyperactive to rule violation in the ASD group. Further probed, different regions of right insula were modulated in each game, highlighting differences in regional specificity for which subsequent analyses revealed differences in patterns of functional connectivity. These results demonstrate neurobiological differences in processing social exclusion and rule violation in children with ASD.
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Introduction
Autism Spectrum Disorder (ASD) is characterized by a triad of deficits: social impairment, restricted and repetitive patterns of behavior, and delayed or absent communicative skills (APA, 2000) . Social deficits in individuals with ASD often result in exclusion from social interactions (Ochs et al., 2001; Symes and Humphrey, 2010) ; a pattern that likely interferes with social learning and exacerbates interpersonal vulnerabilities. Thus, the importance of eluci-dating neural correlates of social exclusion in children and adolescents with ASD is of specific interest given the behavioral manifestation of the disorder. To accomplish this end, the present study used Cyberball, an interactive computerized ball-toss game (Williams et al., 2000) , to elicit feelings of social exclusion in children and adolescents with and without ASD. Building from a host of behavioral work, Cyberball has been used in functional magnetic resonance imaging (fMRI) studies to examine brain responses to social exclusion in typically developing adolescents and adults Eisenberger et al., 2003; Masten et al., 2009; Onoda et al., 2009 Onoda et al., , 2010 Sebastian et al., in press ). These studies have identified brain regions involved in processing social exclusion including ventral anterior cingulate cortex (vACC), dorsal anterior cingulate cortex (dACC), and insula, all of which have been linked to the emotional response to exclusion; as well as ventrolateral prefrontal cortex (vlPFC), which has a hypothesized role in emotion regulation; and posterior cingulate cortex.
The Cyberball paradigm has been used in adolescents with ASD (Sebastian et al., 2009) as well as adults with Asperger Syndrome (AS; Andari et al., 2010) . Sebastian and colleagues reported that mood was significantly modulated by exclusion in typically developing adolescents, but not in adolescents with ASD. In contrast, both groups of participants in the study showed comparable decreases in state anxiety following inclusion that did not persist after exclusion. Andari et al. found that atypical emotional and behavioral responses to exclusion in AS participants were normalized with intranasal oxytocin administration. From the adolescent work, it remains unclear whether similarities in self-reported experience reflect comparable neural substrates, or even whether individuals with ASD experience the game of Cyberball in the same way. Alternatively, non-social factors might be responsible for the experience of Cyberball distress in ASD. This is highly relevant, as social exclusion also involves an element of expectancy violation, in that one naturally expects to be included in social interactions. Given the rigid cognitive style that characterizes ASD, it is possible that the experience of social exclusion is distressing specifically because of the violation of an implicit rule governing social inclusion.
The current study used two interactive ball-toss games to extricate behavioral correlates and neurobiological substrates of social exclusion and rule (expectancy) violation in children with ASD and typically developing peers. An adaptation of the conventional Cyberball paradigm was employed to assess brain regions active during the experience of social exclusion. We used a second ball-toss game, Cybershape Crowley et al., 2011) , to elicit rule violation in a comparable social context in the absence of social exclusion. In this game, a shape-matching rule dictated to whom the ball should be thrown. The rule was periodically violated by one of the online players, although the participant was never excluded from the game. Because some abnormal psychological responses to exclusion have been demonstrated in ASD, we hypothesized that brain mechanisms for processing social exclusion may underlie these differences. Specifically, as suggested by past work elucidating the neural correlates of social exclusion, we predicted group differences in brain responses to exclusion in vACC and right insula, two regions demonstrated to correlate with distress during exclusion in typical adolescents (Masten et al., 2009) . Further, the preservation of anxiety reactions to social exclusion in adolescents with ASD suggests that some level of response to exclusion is preserved in autism, and we hypothesize that it may be the expectancy violation inherent in exclusion to which individuals with ASD are sensitive. We hypothesize that, in contrast to social exclusion, children with ASD would show increased behavioral and neural sensitivity to rule violation.
Examining social exclusion and rule violation in children with and without ASD allows for the investigation of two distinct domains of deficits characteristic of ASD. The present study aimed to identify brain mechanisms associated with differential functioning during social exclusion and rule violation in children with ASD as compared to their typically developing counterparts.
Participants
Data for this study were collected from 27 typically developing (TD) children and 30 children with Autism Spectrum Disorder (ASD). Following the implementation of our various exclusion criteria, participants included in analyses were 24 typically developing (TD) children and adolescents (17 males, mean age = 12.83 ± 2.59 years, range = 9.42-17.58 years) and 24 children and adolescents with an Autism Spectrum Disorder (ASD; 15 males, mean age = 12.81 ± 3.69 years, range = 7-17.92 years). Children with ASD were diagnosed using the Autism Diagnostic Observation Schedule (ADOS; Lord et al., 2000) and the Autism Diagnostic Interview-Revised (ADI-R; Lord et al., 1994) , as well as experienced clinical judgment (Table 1) . In both groups, participants were excluded from analysis for head motion deviation from initial position greater than 4.5 mm or degrees in any of the 3 translational and 3 rotational directions at any point throughout the 5 min scan, for excessive shape-matching errors in Cybershape (>6 errors), and for previously playing any versions of Cyberball. One TD and one ASD participant were analyzed on only a portion of the Cyberball paradigm (8 and 5 blocks, respectively) due to excessive motion only at the end of the scan. Following these exclusions, 21 TD participants (15 males, 12.90 ± 2.59 years) and 16 ASD participants (10 males, 12.36 ± 4.06 years) were included in the Cyberball study. The mean amount of motion between Order of game presentation was counterbalanced across participants for both groups. Sixteen TD participants and 13 ASD participants were analyzed in both games. Fifteen participants included in the analyses believed that they might have been playing against real people (9 ASD mean age 13 years, 6 TD mean age 11.6 years; no significant age difference between groups, p > 0.05). While the remaining participants suspected that the online players were not real, past behavioral work has found that even when participants knew the fictional nature of their opponents, Cyberball exclusion still had negative effects on mood and need threat (Zadro et al., 2004) . The average number of participant errors (shape thrown to the wrong player by the participant) in Cybershape was 1.25 (±1.6; maximum: 6), with 18 of the participants making no errors (10 ASD, 8 TD). Written informed consent was obtained from each participant according to a protocol approved by the Yale University Human Investigation Committee.
Cyberball
A game of Cyberball began with a sham Google ® search engine screen where a link to "Cyberball" was clicked by the experimenter, followed by a "loading" screen. During the loading period, the participants were told that they, along with the other online players connecting to the game through the Internet, were being logged into the game by the experimenter. The participants were given two button boxes, one in each hand, allowing them to throw the virtual ball to either the right or left. Prior to starting game play, instructions were delivered visually and auditorily, and the participants practiced playing the game for 16 throws, after which the scan commenced. Participants continued to play the Cyberball game for 5 min in 10 continuous, alternating blocks of fair play and exclusion. The paradigm used was identical to the one previously described by Bolling et al. (2011) . The computer players' pictures were matched on gender and ethnicity to each participant to intensify feelings of exclusion (Wirth and Williams, 2009) . Immediately following the completion of the Cyberball game, a ten-item questionnaire was given to 20 of the 21 TD participants and 14 of the 16 ASD participants analyzed in Cyberball to assess exclusion-related distress. The ten items of the questionnaire were administered visually and auditorily to the participant while still in the scanner; though no functional data acquisition occurred during this period. The participant could communicate with the experimenter during this period if clarification was needed on any of the items on the questionnaire. This questionnaire was an abbreviated version of the Needs Threat Scale (van Beest and Williams, 2006) . Please refer to Bolling et al. (2011) for a complete list of the items on this questionnaire.
Cybershape
Cybershape was used to explore brain activation to social expectancy violation in the absence of social exclusion. Cybershape began in the same manner as Cyberball with the experimenter choosing a link to "Cybershape" from a mock Google ® screen, again followed by a loading screen during which participants were told that they were being logged into the game with other online players. Identities of computer players varied across the two cyber games. A visual and auditory explanation of the shape matching rule, in which participants were asked to throw the shape in their glove to the player with the matching shape next to their picture, was followed by a period of practice during which the participant's understanding of the game was confirmed. Once the scan began, participants played Cybershape for 5 min in 10 continuous, alternating blocks of fair play (rule consistent) and rule violation. The paradigm used was identical to the one previously described by Bolling et al. (2011) . In fair play, participants received the shape one-third of the time, and the shape rule was never broken by the online players. In rule violation, participants still received the shape one-third of the time, but one of the virtual players consistently threw the shape to the wrong person. The rule violations occurred both in favor of the participant (getting the ball when it was not his or her shape) and in disfavor of the participant (not getting the ball when it was his or her shape). As with our previous work, a tenitem questionnaire to assess rule violation-related distress was given to 17 of the 19 TD participants and 17 of the 21 ASD participants analyzed in Cybershape immediately following the completion of the Cybershape game. The ten items of the questionnaire were administered visually and auditorily to the participant while still in the scanner; though no functional data acquisition occurred during this period. The participant could communicate with the experimenter during this period if clarification was needed on any of the items on the questionnaire. Refer to Bolling et al. (2011) for a complete list of the items on this questionnaire. 
Imaging protocol
Images were collected on a Siemens 3T Tim Trio scanner located in the Yale University Magnetic Resonance Research Center. Whole-brain T1-weighted anatomical images were acquired using an MPRAGE sequence (TR = 1900 ms; TE = 2.96 ms; flip angle = 9 • ; FOV = 256 mm; image matrix 256 mm 2 ; voxel size = 1 mm × 1 mm × 1 mm; 160 slices; NEX = 1). Whole-brain functional images were acquired using a single-shot, gradient-recalled echo planar pulse sequence (TR = 2000 ms; TE = 25 ms; flip angle = 60 • ; FOV = 220 mm; image matrix = 64 mm 2 ; voxel size = 3.4 mm × 3.4 mm × 4 mm; 34 slices) sensitive to blood oxygen level dependent (BOLD) contrast.
Data analysis
Imaging data were preprocessed and analyzed using the BrainVoyager QX 2.0 software package (Brain Innovation, Maastricht, The Netherlands). Preprocessing of the functional data included slice time correction (using sinc interpolation), three-dimensional rigid-body motion correction (using trilinear-sinc interpolation), spatial smoothing with a FWHM 4-mm Gaussian kernel, and temporal high-pass filtering (fast Fourier transform based with a cutoff of 3 cycles/time course). Functional datasets were coregistered to within-session anatomical images, which were in turn normalized to Talairach space.
Prior to multi-participant analyses, activation from events in which participants were throwing the ball was removed from the dataset for each participant in a regression analysis . This regression was performed to eliminate the potential confound of the lack of decision making and motor response in the exclusion blocks. For analytic consistency, the regression was also performed in Cybershape despite the fact that participants threw with equal frequency in fair play and rule violation. In addition, all subsequent analyses were limited to only voxels within the extent of the MNI brain normalized to Talairach space. This whole brain mask consisted of 1,449,746 (1 mm × 1 mm × 1 mm) voxels.
To identify brain regions modulated by exclusion in Cyberball and rule violation in Cybershape, a randomeffects multi-participant general linear model (GLM)-based analysis was performed for each game in each participant group separately. Regressors were defined as boxcar functions peaking during each condition, convolved with a double-gamma hemodynamic response function (HRF). To additionally account for motion during each scan, functions of all of the 3 directions and 3 translations of movement from each participant were included in each single-subject GLM-based analysis as predictors of no interest.
For Cyberball a multi-participant GLM analysis was performed for each participant group, and brain activation in the contrast social exclusion > fair play was assessed at an uncorrected statistical threshold of p < 0.05. To correct for multiple comparisons, we used a cluster threshold of 34 contiguous functional (3 mm 3 ) voxels (Forman et al., 1995; Goebel et al., 2006; Xiong et al., 1995) . This cluster threshold was calculated to correspond to a corrected threshold of ˛ < .05 using a BrainVoyager QX Cluster-level Statistical Threshold Estimator plug-in. This plug-in utilizes a Monte Carlo simulation (with 1000 iterations) to determine the relative frequency of each cluster size based on characteristics of the dataset, with an ˛ < .05 indicating that all clusters of activation reported had a <5% probability of occurring by chance. For Cybershape, two multi-participant GLM analyses were performed, and the contrast of rule violation > fair play was assessed at the same statistical threshold of p < 0.05, corrected to ˛ < .05 with an estimated cluster threshold of 34 functional voxels.
Following GLM analyses of Cyberball and Cybershape within each participant group, we performed secondary 2 × 2 whole brain ANCOVA within each game to identify regions exhibiting a significant Condition (fair play versus social exclusion or rule violation) × Group (TD versus ASD) interaction. This analysis allowed us to identify regions that showed different patterns of activation between participant groups which may not have exhibited a main effect of experimental condition in each group individually. This analysis was assessed in each game at an uncorrected threshold of p < 0.05, corrected with a cluster threshold of 20 contiguous functional voxels. A slightly lower cluster threshold than implemented in the within group analyses was used here to account for the lower statistical power for identifying interaction effects, and to ensure that potentially meaningful regions of interaction were not wrongfully excluded in this secondary analysis. Findings from this analysis were subsequently validated in more specific ROI analyses.
More specific region of interest (ROI) analyses were used to explore two regions that have been repeatedly implicated in the processing of social exclusion in typically developing populations: right insula and ventral anterior cingulate cortex (vACC) Eisenberger et al., 2003; Krill and Platek, 2009; Masten et al., 2009; Onoda et al., 2009; Sebastian et al., in press) . While vlPFC has also been repeatedly implicated in emotion regulation during social exclusion, concern about group differences in emotional responses to exclusion influencing potential differences in neural indices of emotion regulation led to the decision not to explore a structural vlPFC ROI. The vACC region was modified from the ACC region defined by the Talairach database (Lancaster et al., 1997 (Lancaster et al., , 2000 . The modification excluded all voxels above the plane z = 9, corresponding to the tip of the cingulate genu. The right insula region was defined by drawing insular gray matter on the MNI brain, defined as the region enclosed by the anterior, superior, and inferior periinsular sulci. Mean contrast beta values of activation in Cyberball (social exclusion-fair play) and Cybershape (rule violation-fair play) were calculated for each participant group in both structurally defined ROIs. Group (TD versus ASD) × Game (social exclusion-fair play versus rule violation-fair play) interactions were calculated with 2 × 2 ANOVAs for each of the two structural ROIs.
A specific examination of the interaction between group and game in the right insula revealed two distinct regions of insula that were active in each participant group. TD children showed activation in right middle and posterior insula (PI) during social exclusion, while children with ASD showed activation in right anterior insula (AI) during rule violation. A psychophysiological interaction analysis was utilized in these two conditions to attempt to compare the functional brain networks associated with these two non-overlapping regions of right insula. The PPI analyses allowed us to identify regions that showed increased connectivity with right PI during social exclusion in TD children, and regions that showed increased connectivity to right AI during rule violation in children with ASD. Prior to the connectivity analyses, the global mean (average signal across voxels) was removed from each volume, as a surrogate method for physiological artifact removal (Fox et al., 2005) . Using functionally defined regions of activation from the contrasts of social exclusion > fair play (in TD children) and rule violation > fair play (in children with ASD), PPI regressors for each game were created by multiplying the difference of the two task regressors (convolved with a double-gamma HRF) by the preprocessed, normalized right insula ROI time course for each participant. This PPI function along with the task regressors and right insula time course were used as regressors in 2 multi-participant random-effects GLM analyses. The results were assessed at a statistical threshold of p < 0.05, corrected with a cluster threshold of 34 functional voxels to ˛ < .05.
In Cyberball, we examined the relationship between brain activation during social exclusion and a social responsiveness measure administered to both TD and ASD participants. We used raw scores on the Social Responsiveness Scale (SRS; Constantino and Todd, 2003) as a continuous measure of social functioning which we subsequently used in a whole brain voxel-wise covariate analysis. Raw scores were used because scores higher than 116 do not have a corresponding t-score, disallowing correlation analyses including participants with these scores. We looked for brain regions in the contrast of social exclusion-fair play that correlated with raw SRS scores in a combined group of 19 TD and 12 ASD participants. Results from this analysis were initially assessed at a p < 0.05, corrected to ˛ < .05 with a calculated cluster threshold of 100 contiguous functional voxels. Because the contiguous regions of activation at p < 0.05 were so expansive, results were reported at a p < 0.01 (with a cluster threshold of 4 contiguous functional voxels) to discern local maxima of significant activation. All regions present in the p < 0.01 results were also significant in the alpha-corrected p < 0.05 results.
Results
The post-game measures confirmed that participants felt distress following the experiences of social exclusion and rule violation, and also identified group differences in distress levels. In TD children, the average total score on the social exclusion distress questionnaire (SED-Q) was 25.70 (±7.68, n = 20; a score of 10 indicates no distress, while a score of 50 indicates extreme distress), while the average total score on the rule violation distress questionnaire (RVD-Q) was 22.17 (±4.76, n = 17, a score of 10 indicates no distress, while a score of 50 indicates extreme distress). In children with ASD, the average total score on the SED-Q was 29.57 (±7.76, n = 14), and the average total score on the RVD-Q was 25.59 (±4.37, n = 17). Scores on the SED-Q did not differ between groups (p > 0.05). However, the ASD group reported significantly higher distress than the TD group on the RVD-Q (t = −2.10, p = 0.04).
To investigate brain regions modulated by the experience of social exclusion in each group, random-effects multi-participant-GLM analyses comparing social exclusion > fair play were performed in TD children and children with ASD separately (Fig. 1) . Peak coordinates, statistical values, size, and anatomical labels for the regions of differential activation in Cyberball are displayed in Table 2 . TD children showed significant activation in regions previously implicated in processing exclusion in adults, including bilateral posterior insula, bilateral posterior cingulate cortex (PCC), and ventral anterior cingulate cortex (vACC). In addition, left vlPFC, left anterior superior temporal sulcus, and left parahippocampal gyrus (PHG) were also more active to social exclusion. Regions that showed preferential activation to fair play in Cyberball included left cerebellum, parietal cortex, and right precentral gyrus.
In children with ASD, only left retrosplenial cortex and left precentral gyrus showed increased activation to social exclusion during Cyberball. Regions that were more active during fair play included bilateral parietal cortex, bilateral ventrolateral prefrontal cortex (vlPFC), right anterior insula, right middle frontal gyrus (MFG), right dorsomedial prefrontal cortex (dmPFC), left cerebellum, and right precentral gyrus.
In Cybershape, both groups showed significant brain differences in the contrast of rule violation versus fair play (Fig. 1, Table 3 ). TD children showed increased activation to rule violation in orbitofrontal cortex, parietal cortex, bilateral dorsolateral prefrontal cortex (dlPFC), dmPFC, and right inferior temporal gyrus. In contrast, this group showed increased activation during Cybershape fair play in bilateral insula, bilateral hippocampus, bilateral paracentral lobule, right cerebellum and cerebellar vermis, right posterior cingulate cortex, left precentral gyrus, dorsal anterior cingulate cortex (dACC), left retrosplenial cortex and cuneus, and pons.
Children with ASD showed increased activation to rule violation in dorsomedial and lateral prefrontal cortex, bilateral insula, bilateral superior temporal sulcus (STS) and supramarginal gyrus, bilateral caudate, right cerebellum, middle occipital gyrus (MOG), and cuneus. This group showed increased activation during Cybershape fair play in subgenual ACC, vACC, left anterior middle temporal gyrus, bilateral paracentral lobule, bilateral hippocampus, bilateral PCC, and right posterior insula.
A 2 × 2 whole-brain GLM analysis in Cyberball identified regions showing a Group × Condition interaction ( Fig. 2 , Table 4 ). Regions of interaction driven by significant modulation during Cyberball in only the TD group included right posterior insula, left PCC, right hippocampus, precuneus, and left vACC. Regions showing an interaction driven by significant modulation during Cyberball in only the children with ASD included right postcentral gyrus, right anterior insula, right MFG, and left SFG. Left MOG was modulated by the experimental manipulation during Cyberball in both groups. All of these regions except for precuneus showed greater activation to social exclusion in TD children compared to children with ASD. In an identical 2 × 2 whole-brain GLM analysis in Cybershape (Fig. 2, Table 4 ), regions showing a Group × Condition interaction driven by significant modulation during Cybershape in only the TD group included bilateral vlPFC, cerebellar vermis, and left precuneus. Regions of interaction driven by significant modulation during Cybershape in only the children with ASD included bilateral dlPFC, right precentral gyrus, bilateral supramarginal gyrus, dorsal ACC, left SFG, and left cerebellum. Regions that were modulated by the experimental manipulation in Cybershape in both groups included bilateral anterior insula and left precentral gyrus (both more active to rule violation in the ASD group), as well as subgenual ACC (more active to rule violation in the TD group).
Group × Game interaction analyses were performed in structurally defined regions of vACC and right insula, chosen a priori to be of interest in processing social exclusion (Fig. 3) . These analyses revealed a significant Group (TD versus ASD) × Game (social exclusion-fair play versus rule violation-fair play) interaction in a structurally defined region of right insula (F = 7.78, p = 0.007) but not in vACC (p > 0.05).
Further probing of the right insula guided by the finding that this region showed a Group × Game interaction revealed that the area of right insula active in TD children during social exclusion is regionally distinct from (posterior to) the region of right insula that is active in children with ASD during rule violation. An exploration of the taskdependent functional connectivity of these regions using PPI analyses revealed two distinct brain networks associated with right insula activation in each game (Table 5 , Fig. 4) . The area showing greater functional connectivity during social exclusion (compared to fair play) to the posterior region of right insula active in TD children was bilateral paracentral lobule. Regions showing greater functional connectivity during rule violation (compared to fair play) to the anterior region of right insula active in children with ASD included dorsal ACC, medial prefrontal cortex, and mid-cingulate cortex, as well as left SFG, bilateral IFG, right precentral gyrus, and left anterior insula.
A whole-brain voxel-wise covariate analysis including all participants analyzed in the Cyberball contrast (social exclusion-fair play) using raw SRS score as a covariate, revealed several regions that showed a negative correlation between activation to social exclusion and SRS score included right posterior superior temporal sulcus (STS), right anterior insula, left anterior STS, left cerebellum, and right postcentral gyrus (Table 6 , Fig. 5 ). This negative correlation indicates that the more socially responsive the Fig. 3 . Group × Game interaction in a structurally defined region of right insula (left panel). Beta value differences in each group were graphed for Cyberball (social exclusion-fair play; middle panel) and Cybershape (rule violation-fair play; right panel). This Group × Game interaction was significant at a p = 0.007. participant (lower SRS score), the more activation during social exclusion in the identified regions. No regions showed a positive correlation with SRS scores.
Discussion
The current study identified brain differences in processing social exclusion and rule violation between children with and without ASD. While both participant groups reported comparable levels of distress following the experience of social exclusion, each showed fundamentally different patterns of brain activation during this exclusion. In an analogous social task where a non-exclusive rule violation occurred, participants with ASD also showed divergent brain activation from their TD counterparts. Unlike social exclusion, self-reported distress following rule violation differed between groups. Thus, the current study identified brain differences underlying processing in two domains of deficits characteristic of autism-social impairment and restricted, repetitive behavior patterns.
Self-report measures confirmed that both groups experienced distress following social exclusion and rule violation. Average item scores on the exclusion questionnaire were 2.57 and 2.97 for TD and ASD children, respectively. An item score of 1 corresponds to no distress, while a score of 5 corresponds to extreme distress. These scores were comparable to past work using a similar version of the NTS in adolescents which reported a mean item score of 2.90 (±0.73; Masten et al., 2009 ). This distress did not differ as a function of group membership; children with ASD were equally distressed by exclusion as their TD counterparts. In contrast, we did find group differences in distress following rule violation, with ASD participants reporting significantly greater distress following Cybershape than TD participants. This difference may reflect the inflexible adherence to routines or rituals representing rigid, restricted behavior in ASD (APA, 2000) . Somewhat surprisingly, post hoc analyses did not reveal any correlations between self-reported distress and brain activation to exclusion or rule violation (versus fair play) in the a priori ROIs in either participant group.
Exploring the main effects of the experimental manipulations in each cyber game separately by group, we demonstrated that in both participant groups BOLD responses were sensitive to the experiences of social exclusion and rule violation compared to fair play (Tables 2 and 3 , Fig. 1 ). TD participants showed differential activation during Cyberball in regions previously implicated in processing exclusion in typical adults and adolescents, including right insula, ventral ACC, and posterior cingulate cortex (PCC; Bolling et al., 2011; Eisenberger et al., 2003; Krill and Platek, 2009; Masten et al., 2009; Onoda et al., 2009; Sebastian et al., in press ). Participants with ASD showed activation to social exclusion only in retrosplenial cortex and left precentral gyrus. In Cybershape, TD participants showed activation to rule violation in several regions also shown to be active in typical adults during this task . These include bilateral parietal cortex, dorsolateral prefrontal cortex, and dorsomedial prefrontal cortex. In addition, TD children showed activation to rule violation in orbitofrontal cortex. Participants with ASD showed similar activation to TD peers in dor-somedial and lateral prefrontal cortex and right parietal cortices. In addition, ASD participants showed activation to rule violation in bilateral caudate, superior temporal sulcus, and anterior insula.
To examine group-dependent brain differences in processing social exclusion, we conducted a Group × Condition interaction analysis, and identified regions that differed significantly by group in their differential responses to exclusion and fair play (Table 4 , Fig. 2 ). Ten regions met this criteria: right anterior and posterior insula, right hippocampus, right middle frontal gyrus, left ventral ACC, right postcentral gyrus, left superior frontal gyrus, left PCC, left middle occipital gyrus, and precuneus. All of these regions except precuneus showed greater activation to exclusion in TD compared to ASD participants. This pattern of differences describes a deficit in neural processing of social exclusion in ASD which is in line with the notion that autism is fundamentally a disorder of social impairment (Kanner, 1943; Wing and Gould, 1979) . The unique, opposite pattern seen in precuneus is interesting, given this region's central role in default mode network (DMN) processing. This network of brain regions shows greater connectivity during task-independent processing and selfreflection (Buckner et al., 2008; Fox et al., 2005) . While speculative, one might attribute the increased precuneus activation in ASD participants to task disengagement during social exclusion. Further work investigating DMN function in ASD is necessary to support this hypothesis.
To examine group differences in processing rule violation, we conducted a similar Group × Condition interaction analysis, and identified brain regions that differed significantly by group in their differential responses to rule violation and fair play (Table 4 , Fig. 2 ). This analysis identified 16 distinct regions of interaction. Regions with greater activation to rule violation in the ASD group (compared to the TD group) included bilateral anterior insula, bilateral dorsolateral prefrontal cortex, bilateral precentral gyrus, bilateral supramarginal gyrus, dorsal ACC, cerebellum, left superior frontal gyrus, and left cuneus. Regions with greater activation to rule violation in the TD group included ventral ACC and bilateral ventrolateral prefrontal cortex. The identification of regions which were hyperactive to rule violation in ASD participants is concordant with our behavioral finding of higher self-reported levels of distress following rule violation.
The group dissociation found in dorsal versus ventral anterior cingulate cortex and lateral prefrontal cortex during Cybershape may reflect a difference in the mode of processing employed by each group during rule violation. A distinction in ACC functioning has been suggested such that dorsal and ventral regions function in cognitive and emotional tasks, respectively (Bush et al., 2000; Devinsky et al., 1995; Steele and Lawrie, 2004) . Activation in dorsal ACC and dorsolateral PFC in the ASD group during rule violation suggests that this group processed the distressing rule violation in a more cognitive manner. The same experience in TD children that activated ventral ACC and ventrolateral PFC may be processed in a more emotional manner due to the social context of the game.
A Group × Game interaction analysis of activation in a structurally defined region of right insula revealed that, compared to TD participants, children with ASD showed hypoactivation in this region during social exclusion and hyperactivation during rule violation (Fig. 3) . Given this region's established role in typical processing of social exclusion, more specific analyses were performed to assess the activation underlying this significant interaction. A comparison of right insula regions showing a main effect of manipulation in each game revealed that the region active during social exclusion in TD children was posterior to and non-overlapping with the region active during rule violation in ASD children. Past work exploring functional differences in insula subregions describes the more posterior region as having an interoceptive function (Craig, 2002 (Craig, , 2009 Dupont et al., 2003) , with functional connections to somatosensory and motor cortices (Deen et al., in press ). In contrast, the anterior insula is described as subserving a host of functions, including subjective awareness (Craig, 2009) and cognitive control (Critchley et al., 2001; Dosenbach et al., 2007; Grinband et al., 2006; Thielscher and Pessoa, 2007) , with functional connections to the middle and dorsal ACC (Deen et al., in press; Taylor et al., 2009) . Anterior insula has been linked to subjective experiences of physical pain (Casey et al., 1996; Coghill et al., 1994; Craig et al., 2000; Craig, 2009; Dupont et al., 2003; Derbyshire et al., 1997; Peyron et al., 2000; Brooks et al., 2002; Kong et al., 2006) as well as emotion processing (Critchley et al., 2005; Hennenlotter et al., 2005; Jabbi et al., 2007) and conscious awareness (Klein et al., 2007; Critchley et al., 2004) . The finding that posterior insula responds to exclusion in TD participants may reflect a more visceral response to social exclusion, while the activation of anterior insula to rule violation in ASD participants may reflect a more cognitive, conscious emotional response. PPI analyses to assess task-related functional connectivity in each of these right insula regions in their respective participant groups further illuminated differences in the group-divergent insular processing of social exclusion and rule violation. The right posterior insula region active during social exclusion in TD children showed increased functional connectivity during exclusion (versus fair play) to regions of motor and somatosensory cortices. The right anterior insula region active during rule violation in ASD children showed increased connectivity during rule violation (versus fair play) to dorsal ACC, medial PFC, and left anterior insula. This is in line with work describing dACC and anterior insula as a "salience network" (Seeley et al., 2007) . The anterior insula activation and connectivity may relate to the increased salience of rule violation in ASD reflected in their higher self-reported distress levels following Cybershape. Anterior insula has been previously found to show disordered functioning in individuals with ASD during social tasks (Dapretto et al., 2006; Di Martino et al., 2009) . The finding that this region was highly sensitive to a social game in which rule violation occurs suggests dysfunction in anterior insula might be better described as differential contextual specificity in ASD (Fig. 4) .
In an attempt to elucidate behavioral factors in the brain processing of social exclusion in both participant groups, we included all participants in a whole-brain correlation analysis using scores on the SRS as a covariate. The TD right insula region was defined by greater activation to social exclusion versus fair play, to which functional connectivity was subsequently assessed with a PPI analysis in the same Cyberball contrast. The ASD right insula region was defined by greater activation to rule violation versus fair play, to which functional connectivity was subsequently assessed with a PPI analysis in the same Cybershape contrast. Talairach coordinates and statistics refer to the voxel with the maximum signal change in each region of interest. Abbreviations: inferior frontal gyrus (IFG), anterior cingulate cortex (ACC), middle cingulate cortex (midCC), superior frontal gyrus (SFG), anterior insula (AI). Regions showing a negative correlation between SRS score and activation to social exclusion > fair play describe areas which were more active to exclusion the more socially responsive the participant. One region showing this pattern which we found of specific importance was right posterior superior temporal sulcus (pSTS). Past work has shown that pSTS gray matter volume varied linearly with autistic traits in typical adults (von dem Hagen et al., 2011) , and pSTS activation was decreased during social processing in autism (Kaiser et al., 2010; Herrington et al., 2007; Freitag et al., 2008) . The absence of a Group × Condition interaction in this region supports the theory that pSTS activation to social exclusion indexes a general behavioral trait of social responsiveness. This finding has the potential to inform future work on individual differences in processing social exclusion in children with and without ASD, providing support for the use of pSTS as a brain mechanism by which social responsiveness might be indexed in autism. It is worth noting that the SRS correlation analysis was held to a more stringent threshold than the other analyses reported here (p < 0.01 versus p < 0.05). This was due to the fact that the results of the SRS correlation were more robust than those of both the within group and between group analyses. While interesting, this may be a result of the fact that the SRS correlation collapsed across participant groups, increasing the statistical power of the analysis (Table 6 ). While illuminating in its identification of atypical neural responses to both social exclusion and rule violation in children and adolescents with ASD, this study incurred several limitations. First, many participants suspected that the online players were not real, although past behavioral results suggest that exclusion by computer opponents is significantly distressing (Zadro et al., 2004) . Second, the modification of the original behavioral Cyberball paradigm to an alternating block design introduced several factors that may have affected brain responses to exclusion. The original paradigm which had one long block of inclusion followed by a long block of exclusion was susceptible to order effects, as well as confounding factors of scanner drift and participant motion and fatigue differentially affecting the later portions of the task. In addition, a long period of exclusion was not ideal for young participants, as there was concern that this design would result in task disengagement. The current study's alternating design with shorter periods of exclusion is ideal for eliminating order effects and keeping children engaged while still eliciting feelings of exclusion, as evidenced by our self-report measures. A result of using the alternating design, however, is that the distress questionnaire could only be administered after exclusion. A better comparison would be distress scores following inclusion and exclusion separately, but the nature of the design did not allow for this.
Conclusions
The present study used fMRI techniques to inform our understanding of the experiences of social exclusion and rule violation in children with ASD. It also provided evidence for the ability of future studies to use neuroimaging to draw conclusions about the experience of social interactions in children with ASD that might not be apparent from behavioral or observational measures alone. Further, this work lays foundations for future investigation of brain mechanisms that may underlie the sensitivity to rule violations characteristic of autism. Finally, in demonstrating hyperactivation of anterior insula during rule violation, we provide an example suggesting that "deficits" in activation of social brain regions in autism may be contextually specific.
